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The developing chicken embryo lens provides a unique model for examining the relationship between a6 integrin
expression and cell differentiation, since multiple stages of differentiation are expressed concurrently at one stage of
development. We demonstrate that a6 integrin is likely to mediate the inductive effects of laminin on lens differentiation
as well as to function in a matrix-independent manner along the cell–cell interfaces of the differentiating cortical lens fiber
cells. Both a6 isoform expression and its linkage to the cytoskeleton were regulated in a differentiation-specific manner. The
association of a6 integrin with the Triton-insoluble cytoskeleton increased as the lens cells differentiated, reaching its
highest levels in the cortical fiber region where the lens fiber cells are formed. In this region of the lens a6 integrin was
niquely localized along the cell–cell borders of the differentiating fiber cells, similar to b1. a6b4, the primary
transmembrane protein of hemidesmosomes, is also expressed in the lens, but in the absence of hemidesmosomes.
Differential expression of a6A and a6B isoforms with lens cell differentiation was seen at both the mRNA and the protein
evels. RT-PCR studies demonstrated that a6B was the predominant isoform expressed both early in development,
embryonic day 4, and in the epithelial regions of the day 10 embryonic lens. Isoform switching, with a6A now the
predominant isoform, occurred in the fiber cell zones. Immunoprecipitation studies showed that a6B, which is character-
istic of undifferentiated cells, was expressed by the lens epithelial cells but was dramatically reduced in the lens fiber zones.
Expression of a6B began to drop as the cells initiated their differentiation and then dropped precipitously in the cortical fiber
one. In contrast, expression of the a6A isoform remained high until the cells became terminally differentiated. a6A was
he predominant isoform expressed in the cortical fiber region. The down-regulation of a6B relative to a6A provides a
evelopmental switch in the process of lens fiber cell differentiation. © 1999 Academic Press
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Integrins have been shown to play a pivotal role in the
regulation of cell differentiation and morphogenesis of a
number of tissues (Menko and Boettiger, 1987; Damsky,
1992; Watt et al., 1993; DeSimone, 1994; Kadoya et al.,
1995; Menko et al., 1998). They serve as bidirectional
signaling receptors, linking extracellular matrix ligands or
counterreceptors to the cytoskeleton and its associated
signaling proteins (Hynes, 1992). Because in the developing
lens multiple stages of differentiation are expressed at a
single stage of development, the lens provides a powerful
paradigm in which to study the regulatory role of adhesion
molecules such as the integrins in cell differentiation.1 To whom correspondence should be addressed. E-mail: Sue.
Menko@mail.tju.edu.
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All rights of reproduction in any form reserved.Extracellular matrix is known to be instructive for both
tissue development and cell differentiation (Hay, 1981;
1985; Bissell and Barcellos-Hoff, 1987; Streuli et al., 1991;
Lin and Bissel, 1993). In the lens the extracellular matrix
compartment, known as the lens capsule, is composed
primarily of basal lamina proteins and surrounds the lens
from the time it pinches off from the head ectoderm as the
lens vesicle. Laminin (Parmigiani and McAvoy, 1984; 1991;
Cammarata et al., 1986) and type IV collagen (Schmut,
1978; Fitch et al., 1983) are found throughout the lens
capsule. Other matrix components such as fibronectin and
tenascin-C are compartmentalized within the capsule in a
differentiation-specific manner (A. S. Menko et al., 1999,
submitted). Although the lens cells contact many different
matrix compartments as they differentiate, we have found
that optimal differentiation of lens cells in culture occurs
on a laminin-1 substratum (A. S. Menko, unpublished
497
i
g
1
b
s
M
b
n
s
t
m
1
1
b
d
s
t
m
i
W
e
e
e
t
e
1
t
w
X
p
f
i
c
fi
d
d
s
R
1
I
W
A
a
(
a
t
fl
498 Walker and Menkoobservation). If laminin-1 indeed plays an instructive role
during lens development and differentiation it likely de-
pends on the regulation of its integrin receptors. Previously
we have reported the expression of two integrin laminin
receptors in the chick embryo lens, a3 and a6 (Menko and
Philp, 1995). These studies demonstrated that a3 integrin
was primarily associated with the lens epithelial cells,
whereas a6 integrin expression increased in the fiber cell
population. This study led us to believe that in the lens, as
in other differentiating systems (Cooper et al., 1991; Jiang
and Grabel, 1995; Sastry et al., 1996; Frade et al., 1996), a6
ntegrin may be required for signaling differentiation. Inte-
rins are heterodimeric receptors (Buck and Horwitz,
987b; Hynes, 1987). a6 integrin can heterodimerize with
oth b1 and b4 integrin subunits (Hemler et al., 1989). We
have previously reported the expression of a6b1 in the
developing chick embryo lens (Menko and Philp, 1995), but
the presence of a6b4 in the lens has not yet been examined.
a6b4 is well defined as a component of hemidesmosomes,
table epithelial adhesive structures (Stepp et al., 1990).
ore recently a6b4 has been implicated as playing a role in
oth cell invasion (Shaw et al., 1997) and migration (Rabi-
ovitz and Mercurio, 1997). In this capacity it is not
urprising that a6b4 is also found in Schwann cells (Favrot
et al., 1991) and carcinoma cells (Sacchi et al., 1988;
Rabinovitz and Mercurio, 1997), cells that do not contain
hemidesmosomes. Since hemidesmosomes have never been
identified in the lens the presence of a6b4 would be
presumed to be related to an alternative function in lens
differentiation.
a6 integrin function is regulated in part by its alterna-
ive splicing. There are two well-characterized cytoplas-
ic variants, a6A and a6B (Hogervorst et al., 1991;
Tamura et al., 1991). Each isoform can also exist as an
extracellular spliced variant (Delwel et al., 1995), but
these have only been identified by PCR. The integrin
cytoplasmic domain is important for its signaling func-
tion (O’Toole et al., 1991, 1994; Sastry and Horwitz,
993; Murgia et al., 1998; Schaffner-Reckinger et al.,
998). Consistent with this, a6A and a6B isoforms have
een shown to have distinct signaling properties and
ifferential expression patterns that are cell and tissue
pecific (Hogervorst et al., 1993). In macrophage cells
ransfected with a6A, greater tyrosine phosphorylation of
olecules such as paxillin is induced than with a6B
(Shaw et al., 1995). Transfection of the a6A integrin
isoform, but not of a6B, into macrophage cells results in
significant activation of mitogen-activated protein ki-
nase (Wei et al., 1998) and confers a migratory phenotype
to these cells when plated on a laminin substratum.
There is a correlation between differential a6 integrin
soform expression and a cell’s differentiation state.
hen parietal endoderm (Jiang and Grabel, 1995) and
mbryonic stem cells (Cooper et al., 1991) are placed in
culture they establish a stable, nonmigratory, undifferen-
tiated phenotype. Under these conditions, both these cell
types express a6B predominantely. When these cells are
H
P
Copyright © 1999 by Academic Press. All rightinduced to differentiate, a6A is upregulated, providing
evidence that synthesis of a6A is correlated with the
xpression of a cell’s differentiated phenotype. We have
xamined whether such a6 isoform switching occurs in
vivo by examining a6A and a6B integrin expression in
he developing chick embryo lens.
Integrins are described as cell adhesion receptors that link
xtracellular matrix to the cytoskeleton (Tamkun et al.,
986; Buck and Horwitz, 1987a; Burridge et al., 1990).
Cytoskeletal linkage of integrins is strongly correlated with
integrin function (Kouns et al., 1991; Fox, 1993; Peter and
O’Toole, 1995; Cunningham et al., 1996; Lakkakorpi et al.,
1997). Integrin cytoplasmic domain deletion mutants are
perturbed in their ability to bind cytoskeleton and also
blocked in their signaling function (Sastry et al., 1996;
Murgia et al., 1998; Schaffner-Reckinger et al., 1998). Cy-
oskeletal linkage is determined as those cellular proteins
hich remain insoluble following extraction in a Triton
-100 buffer (Kouns et al., 1991; Cunningham et al., 1996;
Ezrell et al., 1997; Lakkakorpi et al., 1997; Yan and Berton,
1998). Using this methodology, Shaw et al. (1990) demon-
strated that a6 integrin’s activation state is correlated with
its linkage to the cytoskeleton. They showed that upon
phorbol myristate acetate treatment of macrophages, which
promotes their adhesion to laminin, a6 integrin becomes
redominantly associated with the Triton X-100-insoluble
raction.
In this study we have determined that changes in a6
soform expression and linkage of a6 to the cytoskeleton
orrespond with the acquisition of the differentiated lens
ber cell phenotype.
MATERIALS AND METHODS
Antibodies
The P2C62C4 mouse monoclonal antibody to chicken a6 inte-
grin was obtained from Developmental Studies Hybridoma Bank
(Iowa City, IA). Polyclonal antibody to the a6A cytoplasmic
omain used in the Western blotting studies was prepared as
escribed previously (Enomoto-Iwamoto et al., 1993). a6A and a6B
ubunit-specific cytoplasmic peptide antibodies (de Curtis and
eichart, 1993) used in the immunoprecipitation studies and a6 Ex
antibody to the extracellular domain of a6 integrin (de Curtis,
993) were kindly provided by Dr. I. de Curtis (S. Raffaele Scientific
nstitute, Milan, Italy). The a6B antibody cannot be used for
estern blot analysis. The GoH3 a6 monoclonal antibody was
obtained from Pharmingen (San Diego, CA) (Sonnenberg et al.,
1986). Monoclonal antibody 31-2 to chick laminin and monoclonal
antibody AMF-17b to vimentin were obtained from Developmental
Studies Hybridoma Bank. b-Actin monoclonal antibody, clone
C-15, was obtained from Sigma (St. Louis, MO). HRP-conjugated
ntibodies to mouse and rabbit IgG were obtained from Amersham
Arlington Heights, IL). Lissamine rhodamine-conjugated mouse
nd rat IgG were obtained from Jackson ImmunoResearch Labora-
ories, Inc. (West Grove, PA). Filamentous actin was labeled with
uorescein-tagged phalloidin (Molecular Probes, Eugene, OR).
orseradish peroxidase-conjugated streptavidin was obtained from
ierce (Rockford, IL).
s of reproduction in any form reserved.
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499Regulation of a6 IntegrinChick Embryo Lens Cultures
White Leghorn embryonated chick eggs were procured from
Truslow Farms (Chestertown, MD) and incubated in a forced-draft
incubator at 99°F. Lenses were removed by dissection, cleaned of
any associated vitreous humor or ciliary body, and prepared for
culture as described previously (Menko et al., 1984). Briefly, cells
were dispersed by incubation in trypsin accompanied by mechani-
cal agitation. Cells were routinely plated at densities of 0.5 3 106
cells per 35-mm tissue culture dish. Tissue culture plates were
coated with laminin obtained from Gibco BRL (Gaithersburg, MD),
the optimal substrate for lens cell attachment and differentiation
(A. S. Menko, unpublished observation).
Isolation of Lenses and Separation of Lens
Epithelial and Fiber Cells
Lenses from chick embryos were removed from the eye as
previously described (Menko and Philp, 1995). The lens was pulled
away from the vitreous body. Any ciliary epithelium or vitreous
body that remained attached to the lens was removed with a
forceps under a dissecting microscope. Separation of epithelial and
fiber cells from the embryonic lenses was performed as described
previously (Menko and Philp, 1995). Briefly, the epithelial cells,
which remain tightly associated with the lens capsule, were
removed from the remaining fiber cell mass using fine tweezers
under a dissecting microscope. Whole lenses were similarly re-
moved from adult mice.
Microdissection of Embryonic Lenses
E10 chicken embryonic lenses were separated into distinct zones
of differentiation (Fig. 1) using a modification of the technique
originally described by Talian and Zelenka (1991). E10 lenses are
placed anterior face up under the dissecting scope. Cutting along
the border of the central epithelium (EC) and the equatorial
epithelium (EQ) with fine-tipped dissecting forceps (Figs. 1A and
1D) isolates the central epithelium. The central epithelium is lifted
away from the lens with this region of the lens capsule, to which it
is tightly attached. The EQ, which is also tightly attached to the
capsule, is isolated with the remaining capsule (Figs. 1B and 1D).
This is possible because the fiber cell mass is only loosely attached
to the capsule. Since the lens cells form extensive cell–cell junc-
tions as they differentiate, the central, nuclear fiber region forms a
tight bundle of cells. This makes it possible to enrich for two
regions of the fiber cell mass with distinct characteristics: the
peripheral cortical fiber cells (FP) (Figs. 1C and 1D) that are still
undergoing differentiation and the terminally differentiated cen-
tral, nuclear fiber region (FC) (Figs. 1C and 1D).
Extraction of Tissue and Cultured Cells for
Western Blot Studies
Dissected lens tissue or lens cultures were extracted on ice in a
1% Triton X-100 buffer containing 10 mM imidazole, 100 mM
NaCl, 1 mM MgCl2, 5 mM EDTA, pH 7.4, with the following
inhibitor cocktail: 3 mM sodium pyrophosphate, 50 mM sodium
fluoride, 50 mg/ml aprotinin, 25 mg/ml soybean trypsin inhibitor,
100 mM benzamidine, 5 mg/ml leupeptin, 1 mM sodium vanadate,
nd 0.5 mM phenylmethylsulfonyl fluoride. Extracts were sub-
ected to centrifugation at 12,000g for 15 min at 4°C. The Triton-
nsoluble pellet is referred to as the cytoskeletal-associated frac-
Copyright © 1999 by Academic Press. All rightion; the Triton-soluble supernatant is referred to as the soluble
rotein sample. The Triton-insoluble fraction was washed with 1%
riton X-100 buffer and solubilized directly in RIPA buffer (5 mM
DTA, 150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate,
.1% SDS, and 50 mM Tris–HCl, pH 7.4) which contains the same
nhibitor cocktail as the Triton extraction buffer. Laemelli sample
uffer (4% SDS, 60 mM Tris, pH 6.8, 0.002% bromophenol blue)
as added to each extract when it was to be used for polyacryl-
mide gel electrophoresis.
Western Blot Techniques
For Western blot analysis, samples from the Triton X-100-
soluble fractions were loaded at equal protein concentrations.
Their respective insoluble fractions were loaded at volumes equal
to the soluble fractions so that direct comparisons could be made.
The proteins were separated in 4–12% Tris–glycine gels obtained
from Novex (San Diego, CA) and then electrophoretically trans-
ferred to Immobilon-P membrane (Millipore Corp., Bedford, MA) at
290 mA for 4.5 h. The blots were incubated in a TBS buffer
containing 5% Blotto (nonfat dry milk) and 0.1% Tween 20 for 1 h
FIG. 1. Model depicting the microdissection of lens tissue. E10
chicken embryonic lenses are placed anterior face up and the
central epithelium (EC) is isolated using a fine tweezers to cut
between the central and the equatorial epithelia (EQ). The anterior
region of the lens capsule, with the central epithelium tightly
attached, is lifted away from the lens (A). The EQ is separated from
the fiber cell mass by removal of the remaining lens capsule, to
which it is tightly associated (B). Since the nuclear fiber region (FC)
of the fiber cell mass forms a tight bundle of cells at E10, it is
possible to separate the more loosely associated cortical fiber cells
(FP) from the FC with a fine tweezers, thereby enriching for these
two populations (C). D is a cross-sectional diagram of the E10 chick
embryo lens, depicting all four microdissected regions, EC, EQ, FP,
and FC, described above.to block nonspecific binding sites and then incubated for 1 h in
primary antibodies. Blots were washed with TBS containing 0.1%
s of reproduction in any form reserved.
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500 Walker and MenkoTween 20 and then incubated with horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit IgG from Amersham Life
Sciences, depending on the primary antibody, at a dilution of
1:10,000 for 1 h, followed by additional washes before developing
with ECL reagents from Amersham Life Sciences. Blots were
exposed to X-OMAT AR film from Kodak (Rochester, NY) for
different lengths of time to optimize exposures.
Biotinylation
Dissected lens tissue was washed three times with cold PBS (pH
8.0) and then placed in 1 mg/ml Sulfo-NHS-LC-Biotin (Pierce) in
PBS with 10% DMSO (Sigma) for 30 min at room temperature. The
tissue was then washed three times with cold PBS (pH 8.0) and
extracted on ice in RIPA buffer. Extracts were used for immuno-
precipitation analysis.
Tissue Sections
Lenses removed from E10 chick embryos or adult mice were
fixed overnight in methanol at 4°C. After fixation lenses were
placed in PBS for 1 h at room temperature, transferred to 0.5%
ucrose in PBS for 2–4 h, and then incubated in 15% sucrose in PBS
vernight at 4°C before being embedded in Tissue Tek II OCT
ompound from American Scientific Products (Edison, NJ) and
uick frozen with dry ice and ethanol. Six- to eight-micrometer
ryostat sections were cut and mounted on precoated Superfrost/
lus microscope slides from Fisher Scientific (Pittsburgh, PA).
Immunofluorescence
Lens sections prepared as described above were fixed in metha-
nol, extracted in 0.5% NP-40, and incubated in block buffer (PBS
containing 1% BSA and 5% fetal bovine serum) for 1 h. All washes
and antibody dilutions were made in this block buffer. The sections
were incubated with the primary antisera for 1 h at 37°C. After
thorough washing, rhodamine-conjugated secondary antibodies
(Jackson Laboratories, West Chester, PA) were applied and incu-
bated for 1 h at 37°C. Lens cultures, fixed in 3.7% formaldehyde,
were immunostained similarly with the exception of staining with
the P2C62C4 antibody. For this study, the lens cultures were
incubated with the antibody prior to fixation. Alternatively, lens
cultures were incubated with fluorescein-conjugated phalloidin for
1 h at 37°C to visualize filamentous actin. Samples were washed,
mounted in Elvanol (Dupont), and examined with a Nikon Opta-
phot photomicroscope equipped with epifluorescence. Photomicro-
graphs were taken with a Nikon UFX camera.
RT-PCR
RNA was isolated from tissue with the Trizol reagent (Gibco
BRL). Single-stranded cDNA was then synthesized from 5 mg of
RNA using Superscript II RNase H2 reverse transcriptase (Gibco
RL) and 1 mg of random hexamer primers (Pharmacia, Inc.,
Piscataway, NJ). The cDNA mixture was subjected to 35 amplifi-
cation cycles in a Hybaid Touch Down thermocycler. Each cycle
consisted of 1 min denaturation at 94°C, 1 min 30 s annealing at
50°C (a6 integrin) or 1 min annealing at 55°C (b4 integrin), and 1
min extension at 72°C. PCR products were examined on 1.5%
agarose gels containing ethidium bromide. For a6 integrin isoforms
we used sense primer 59-ACA GTG CGT GGA CAT AAG-39
(2826–2843) and antisense primer 59-TAC CTG GAA CGC TGG
Copyright © 1999 by Academic Press. All rightAAG-39 (3283–3299) and for b4 integrin we used sense primer
9-CGC CGT CTG GTA AAC ATC-39 (3213–3230) and antisense
rimer 59-AGT AGC TTC ACC TGC AAC TC-39 (3453–3472).
pecificity of PCR products was determined by restriction enzyme
nalysis and/or sequencing. Markers used were low-mass markers
rom Gibco BRL.
Immunoprecipitation
RIPA extracts of microdissected lens tissue (equal protein con-
centrations) were incubated in Sepharose CL-4B-conjugated protein
A (Sigma) to remove proteins from the extracts which would
nonspecifically bind to protein A. Then, a6A and a6B cytoplasmic
domain-specific antibodies provided by Dr. I. de Curtis were added
to the extracts and incubated at 4°C overnight with shaking on a
minivortex. Protein A was added and incubated at 4°C for 2 h and
the immune complex pelleted by centrifuging at 10,000g for 30 s.
The pellet containing the immunoprecipitate was washed in ex-
traction buffer three times prior to being solubilized in sample
buffer while the supernatant, containing the nonprecipiated pro-
teins, was retained for comparative analyses. The immunoprecipi-
tation of the biotinylated microdissected lens tissue with the
P2C62C4 mouse monoclonal antibody used whole tissue fractions
and protein G (Sigma) in place of protein A.
RESULTS
a6 Integrin Expression Is Regulated with Lens
Development
We examined whether the expression of a6 integrin or its
ssociation with the cytoskeleton, which has been correlated
ith its activation (Shaw et al., 1990), was regulated with lens
evelopment. Lenses were dissected from chick embryos at
oth embryonic day 4 (E4) and E10. The lenses were extracted
n a buffer containing the nonionic detergent Triton X-100,
hich solubilizes cytosolic proteins and membrane proteins
ot linked to the cytoskeleton. These extracted proteins are
eferred to as the Triton-soluble fraction. Those proteins
inked to the cytoskeleton remain insoluble in the Triton
uffer (Kouns et al., 1991; Cunningham et al., 1996; Ezrell et
l., 1997; Lakkakorpi et al., 1997; Yan and Berton, 1998) and
re referred to as the Triton-insoluble cytoskeletal fraction.
estern blot analysis using a monoclonal antibody to the
xtracellular domain of a6 integrin (P2C62C4), which recog-
izes both a6A and a6B isoforms, demonstrated that a6 inte-
grin was expressed in the lens as early as E4 (Fig. 2A). By E4 the
lens vesicle, which begins as a hollow sphere of epithelial
cells, has become polarized and the posterior epithelial cells
have initiated their differentiation. At this early stage of
lens development only a low level of a6 integrin was asso-
ciated with the Triton-insoluble cytoskeletal fraction (Fig.
2A). This band was visualized better when the blot was
overexposed (data not shown). Later in development, E10,
when secondary fiber cell differentiation is well under way,
the majority of a6 integrin was associated with the cy-
toskeleton (Fig. 2A). At this time of development multiple
stages of differentiation are expressed and the number of
fiber cells overwhelms the number of epithelial cells. In
s of reproduction in any form reserved.
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501Regulation of a6 Integrinorder to look specifically at the expression and cytoskeletal
association of a6 in epithelial and fiber zones of the E10
lens, these regions were separated by dissection before anal-
ysis (Fig. 2B). These studies revealed that the high level of
a6 integrin in the Triton-insoluble fraction of the whole
E10 lens was a reflection of the protein’s distribution in the
lens fiber population. At E10, while the level of a6 expres-
ion appeared to be higher in the lens epithelial cells, the
ercentage a6 integrin associated with the cytoskeleton
as higher in the fiber cell population (Fig. 2B). Therefore,
a6 integrin expression and its association with the cy-
oskeleton was regulated both with lens development and
ith differentiation.
a6 Integrin’s Association with the Cytoskeleton Is
Correlated with the Cell’s Differentiation State
Since there is a continuum of differentiation in the E10
lens, dissecting into epithelial and fiber zones still groups
multiple stages of lens differentiation together. In order to
FIG. 2. Developmental-specific changes in the linkage of a6 integrin
to the cytoskeleton. Day 4 (E4) and day 10 (E10) chick embryo lenses
(A) were extracted with a Triton X-100 buffer to yield Triton-soluble
(S) and Triton-insoluble (I) fractions. Samples were separated on a
4–12% Tris–glycine gel and examined by Western blot analysis using
a monoclonal antibody to a6 integrin, P2C62C4, which recognizes
oth the a6A and the a6B isoforms. a6 integrin was highly expressed
early in development, E4. At this stage the lens is a vesicle in which
primary fiber cell differentiation has just begun. In the E4 lens only a
very small fraction of a6 was associated with the Triton-insoluble
cytoskeleton. This Triton-insoluble band was more clearly visualized
when this blot was overexposed (not shown). By E10, a6 integrin
inkage to the cytoskeleton was high. Dissection of E10 lenses into
pithelial (E) and fiber (F) fractions revealed differences in a6 expres-
ion and cytoskeleton association between these two stages of differ-
ntiation (B). In the lens epithelial cells a6 was evenly distributed
etween the Triton-soluble and the Triton-insoluble fractions. In
ontrast, most of the a6 expressed by the lens fiber cells was insoluble
in Triton and therefore linked to the cytoskeleton. The high level of
cytoskeletal linkage in the lens fiber cells and the preponderance of
fiber cells at E10 lead to the results seen in A at E10.accurately decipher the regulation of a6 integrin with lens
differentiation we microdissected E10 chick embryo lenses,
Copyright © 1999 by Academic Press. All rights described under Materials and Methods, into four regions
f differentiation before analysis (Figs. 1A–1D). These four
egions are (1) the central epithelium, which is tightly
dherent to the lens capsule and consists of undifferentiated
ut committed lens epithelial cells; (2) the equatorial epi-
helium, migratory cells which first proliferate and then
nitiate their differentiation; (3) the cortical fiber zone, the
rincipal region of lens fiber cell differentiation, where lens
ells migrate along both the epithelial–fiber interface and
he posterior lens capsule as they differentiate; and (4) the
entral, nuclear fiber region, where lens cells undergo
erminal differentiation, losing organelles and nuclei in an
poptotic-like process. Each microdissected tissue fraction
as extracted with the Triton X-100 buffer. Expression of
a6 integrin and its association with the cytoskeleton (the
Triton-insoluble fraction) were determined by Western blot
analysis with P2C62C4, an antibody that recognizes both
a6A and a6B isoforms (Fig. 3A).
a6 integrin was expressed both by the undifferentiated
cells in the central epithelium and by the cells in the
differentiating zones of the E10 lens, the equatorial epithe-
lium, and the cortical fiber region. In the differentiated
nuclear fiber region only low levels of a6 were detected. In
contrast to the expression pattern of a6, association of this
integrin with the Triton-insoluble cytoskeleton was differ-
entiation specific. The percentage of a6 integrin found in
the Triton-insoluble fraction increased as the cells differen-
tiated, reaching its highest level, 71%, in the cortical fiber
region of the lens (Fig. 3C). In contrast, b-actin is expressed
throughout lens differentiation at E10. This cytoskeletal
protein appears to be equally distributed between the
Triton-soluble and Triton-insoluble fractions, except in the
most differentiated nuclear fiber cells, where it is enriched
in the Triton-insoluble fraction (Fig. 3B). The dynamic as-
sociation of a6 integrin with the cytoskeleton correlated
with regions active in both differentiation and migration.
These results were paralleled in chick embryo lens cultures,
which mimic lens differentiation in vivo (Menko et al.,
984). As the differentiated “lens-like” lentoid bodies began
o form in culture, a6 integrin became associated with the
Triton-insoluble cytoskeleton (data not shown).
Up-regulation of the a6A isoform has been correlated with
expression of the differentiated phenotype in other differenti-
ating systems (Cooper et al., 1991; Jiang and Grabel, 1995).
Western blot studies of microdissected E10 lenses with an
antibody to the a6A integrin isoform (Fig. 4) showed a distinct
pattern of expression from the studies with the P2C62C4
antibody (Fig. 3A). Expression of a6A was up-regulated in the
differentiation zones of the E10 lens, the equatorial epithe-
lium and the cortical fiber region. Compared to the results
with the P2C62C4 antibody, it can be seen that the high levels
of expression of a6 in the central epithelium seen with
2C62C4 could not be accounted for by a6A integrin. Con-
istent with the P2C62C4 studies, the association of a6A with
he cytoskeleton was greatest in the cortical fiber cells. a6Aintegrin, although down-regulated, was expressed by the cells
in the central fiber zone. This observation makes a6A one of
s of reproduction in any form reserved.
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of the E10 lens.
a6 Integrin Localizes to Cell–Cell Borders of
Differentiating Fiber Cells in Vivo and in Vitro
FIG. 3. a6 integrin expression and cytoskeletal linkage with lens diffe
of differentiation (see Fig. 1) and extracted in Triton X-100 buffer to y
on 4–12% Tris–glycine gels and analyzed by Western blot using the P2
was high in the undifferentiated central epithelium (EC), the equato
association with the Triton insoluble cytoskeletal fraction was high i
integrin expression were detected in the nuclear region, which contain
was seen consistently over a number of different experiments.
riton-insoluble fractions in each region of differentiation was quantifi
f three separate experiments (C). The percentage of total a6 integrin
egion of the E10 lens. These results are compared to the distribu
icrodissected E10 lens. The level of expression of b-actin was simila
istribution of b-actin between Triton-soluble and -insoluble fractionWe have previously shown that in the E10 chick embryo
lens b1 integrin localizes not only to the interface of the
Copyright © 1999 by Academic Press. All rightens cells with the capsule, but also to cell–cell borders of
he differentiating lens cells. The a integrin subunit along
these cell–cell borders was unknown. The strong cytoskel-
etal association of a6 integrin in this region of the differen-
iating lens and the potential for a6 receptor to signal in the
ation. E10 chick embryo lenses were microdissected into four regions
riton-soluble (S) and -insoluble (I) fractions. Samples were separated
4 monoclonal antibody to a6 integrin (A). Expression of this integrin
pithelium (EQ), and the cortical fiber zone (FP). Most significantly,
EQ and FP, both regions of lens cell differentiation. Low levels of a6
ture fiber cells (FC). This band, although weak, is significant since it
distribution of a6 integrin between the Triton-soluble and the
ing the Kodak 1D analysis program following densitometric scanning
ciated with the Triton-insoluble cytoskeleton was highest in the FP
of b-actin between Triton-soluble and -insoluble fractions in the
ach stage of lens differentiation. In further contrast to a6 integrin, the
ained relatively constant in the four zones of lens differentiation.renti
ield T
C62C
rial e
n the
s ma
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ed us
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tionabsence of ligand interaction (Almeida et al., 1995; Doma-
nico et al., 1997), possibly by acting in cis with another cell
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503Regulation of a6 Integrinsurface molecule, suggested that a6 may be the heterodimeric
partner for b1 at the lens cell–cell borders. Frozen sections of
E10 chick embryo lenses (Figs. 5A–5C) and adult mouse lenses
(Fig. 5D) were immunostained with monoclonal antibodies to
a6. In addition to its expected localization to regions near the
lens capsule where it serves as a receptor for laminin (data not
shown), a6 was found all along the lateral borders of the least
differentiated cortical fiber cells, located adjacent to the equa-
torial zone (Figs. 5A and 5B). The staining of cell–cell borders
of the differentiating cortical fiber cells is emphasized in the
section of adult mouse lens, which is cut through the cortical
fiber zone (Fig. 5D). In the posterior region of the cortical fiber
cells both in the chick embryo and in the adult mouse, the
staining for a6 integrin was very intense. The cell–cell stain-
ng in the region close to the posterior capsule persisted into
he more differentiated regions of the lens (Fig. 5C). In contrast
o a6, the basal lamina protein laminin, which serves a
eceptor for a6, localized to the lens capsule (Fig. 5E). No
ell–cell staining was detected with the laminin antibody.
When chick embryo lens cells begin to differentiate in
ulture they form a cuboidal packed epithelium (Menko et
l., 1984). At this stage, a6 integrin was found localized to
ell–cell borders (Fig. 6A). This intercellular staining was
unctate, indicating distinct plaques of clustered a6 inte-
rin. a6 integrin, in b1 and b4 heterodimers, interacts with
ctin filaments and intermediate filaments, respectively.
herefore, we performed double staining for vimentin, an
ntermediate filament protein (Fig. 6B), and filamentous
ctin (Fig. 6C) at the same stage of differentiation as shown
or a6. Characteristic cortical actin filaments and wavy,
ytoplasmic vimentin intermediate filaments were ob-
erved in these lens cultures, both of which were distinct
rom the staining for a6. The localization of a6 integrin to
FIG. 4. Differentiation-specific pattern of a6A isoform expression
nd linkage to the cytoskeleton in the embryonic lens. E10 chick
mbryo lenses were microdissected into four regions of differentia-
ion (see Fig. 1) and extracted with the Triton buffer. Triton-soluble
S) and insoluble (I) fractions were separated on a 4–12% Tris–
lycine gel under nonreducing conditions. a6A was detected (ar-
ow) by Western blot analysis using a polyclonal antibody to the
a6A cytoplasmic domain. In the EC and EQ regions, an unidenti-
fied lower molecular weight band was detected. Expression of a6A
was low in the undifferentiated EC, but highly expressed in the
differentiation zones of the E10 lens, the EQ and the FP. High levels
of a6A were found in the Triton-insoluble cytoskeletal fraction in
he FP region of the lens, significant because this is the region
here lens cells acquire their differentiated phenotype. a6A expres-
sion, although low, was maintained in the region of the E10 lens
containing mature fiber cells, FC.ell–cell borders of differentiating fiber cells suggests a
nique role for a6 integrin in lens fiber cell differentiation.
i
w
Copyright © 1999 by Academic Press. All rightb4 Is Expressed in the Lens in the Absence of Any
Reported Hemidesmosomes
a6 integrin forms heterodimers with b1 and b4 integrin
ubunits, both of which function as laminin receptors.
revious studies from this laboratory demonstrated that
a6b1 is expressed by the E10 lens (Menko and Philp, 1995).
a6b4 has been characterized as the transmembrane receptor
n hemidesmosomes. These adhesion structures have never
een identified in the lens; however, it has now been shown
hat a6b4 is expressed in cells which do not contain
hemidesmosomes, where it is thought to function in cell
migration (Rabinovitz and Mercurio, 1997). Therefore, we
examined whether a6b4, as well as a6b1, was expressed in
the lens. Since chicken b4 has not been sequenced we
examined the expression of b4 integrin mRNA in the
mouse lens. RT-PCR analysis (Fig. 7A) demonstrated that
indeed, b4 integrin was expressed in lens tissue. For these
studies mouse skin, which contains a6b4 integrin in
emidesmosomes, was used as a positive control. In order
o ascertain that b4 was expressed as an a6b4 heterodimer,
we biotinylated microdissected fractions of the E10 chick
embryo lens prior to their immunoprecipitation with anti-
body to a6. Horseradish peroxidase-conjugated streptavidin
was used to detect a6 integrin and the b integrin subunits
which would be coprecipitated due to their heterodimeriza-
tion with a6. Two bands coprecipitated with a6, migrating
t molecular weights corresponding to b4 (Fig. 7B, upper
arrow) and b1 (Fig. 7B, lower arrow). Therefore, both a6b4
nd a6b1 appear to be expressed in all four zones of
ifferentiation of the E10 chick embryo lens, EC, EQ, FP,
nd FC. In order to detect the a6 and b4 bands in the FC
egion of the lens, this blot was overexposed and the FC
egion is presented in Fig. 7B as FC*. These results indicate
hat there may be a nontraditional role for a6b4 in the lens.
a6 Integrin Isoform Message Undergoes Isoform
Switching with Lens Development and
Differentiation in Vivo and in Vitro
Since the expression of a6A is correlated with the induction
of cell differentiation in a number of culture systems (Cooper
et al., 1991; Jiang and Grabel, 1995), we examined whether
changes in the relative expression of a6A and a6B integrin
messages could be correlated with lens differentiation in vivo.
We performed RT-PCR analysis using a primer set which
recognizes both a6 integrin isoforms, a6A and a6B (Fig. 8).
These PCR studies are not quantitative but do allow us to
determine, within an individual cell fraction, the relative ratio
of one isoform to the other. We examined the relative expres-
sion of the a6A and a6B integrin isoform messages at E4 and
ithin the four differentiation zones of the E10 lens isolated as
escribed above. We found that isoform switching of the pre-
ominant a6 integrin mRNA from a6B to a6A occurs with
lens differentiation. In the E4 embryo when the lens is still a
vesicle and plastic in nature a6B mRNA was the predominant
soform expressed (Fig. 8). When the microdissected E10 lens
as examined a6B integrin was the predominant a6 mRNA
s of reproduction in any form reserved.
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504 Walker and Menkoin both the central and the equatorial epithelia of the lens. In
the cortical fiber zone, where lens differentiation occurs, a6A
RNA predominates (Fig. 8). Interestingly, this ratio was
aintained in the nuclear fiber zone, where only low levels of
a6 protein were expressed. Isoform switching from a6B to a6A
message predominance accompanies differentiation in the
lens cultures as well (Fig. 8). These findings indicate that the
a6A and a6B isoforms play distinct roles in lens cell develop-
ment and differentiation and suggest that the a6A integrin is
FIG. 5. a6 integrin localizes to cell–cell borders of differentiating
A–C, E) or adult mouse lens (D). Sections were immunostained
onoclonal antibody to a6 integrin (D); or 31-2, a monoclonal antib
in the region of the cell–matrix interface, a6 integrin was localized
one (A). This is depicted at a higher magnification in B. In the m
ell–cell borders but restricted to a region near the posterior capsu
ber zone, near the equator of the lens. a6 integrin localized all a
aminin was detected only in the capsule of the chick embryo lens
ar, 40 mm. D and E are the same magnification; bar, 200 mm.mportant in the establishment of the lens cell differentiated
henotype.
Copyright © 1999 by Academic Press. All righta6 Integrin Isoforms a6A and a6B Have a
egulated Expression Pattern in the Lens That
orrelates with the Differentiation State of the
ens Cells
The two isoforms of a6 integrin have been shown to have
separate signaling functions (Shaw et al., 1995; Domanico
et al., 1997; Wei et al., 1998). Predominance of a6A over
a6B has been shown to accompany the initiation of differ-
r cells. Cryostat sections were cut from E10 chick embryo lenses
P2C62C4, a monoclonal antibody to a6 integrin (A–C); GoH3, a
o laminin (E). In addition to the expected localization of a6 integrin
ell–cell borders of the cortical fiber cells closest to the equatorial
ifferentiated regions of the E10 lens a6 integrin was still found at
). In the adult mouse lens the section was cut through the cortical
the cell–cell borders of these cortical fiber cells (D). Staining for
A and C are the same magnification; bar, 40 mm. B magnificationfibe
with
ody t
to c
ore d
le (C
longentiation of parietal endoderm (Jiang and Grabel, 1995) and
embryonic stem cells (Cooper et al., 1991) in culture. We
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightexamined whether this could be a factor in vivo using the
developing chick embryo lens. To analyze the relative
levels of a6A and a6B protein with lens differentiation, E10
chick embryo lenses microdissected into four regions of
differentiation were extracted in RIPA buffer, and each
fraction was immunoprecipitated with a6A and a6B inte-
grin isoform-specific antibodies. The precipitates were blot-
at a stage at which they have just begun to differentiate. These cuboi-
dal packed epithelial cells were immunostained with the P2C62C4
monoclonal antibody to a6 integrin (A) or a monoclonal antibody to
he intermediate filament protein vimentin (B). The distribution of
lamentous actin was analyzed by staining with fluorescein-
onjugated phalloidin (C). B and C are double-stained images of the
ame field. Similar to the results obtained in vivo, a6 integrin local-
zed to cell–cell borders of differentiating lens cells in culture (A). The
taining for a6 was punctate (A), in contrast to the distribution of
cortical actin demonstrated by staining with phalloidin (B). Vimentin
FIG. 7. b4 integrin is expressed in the lens. cDNA was synthe-
sized from RNA extracted from adult mouse tissue and PCR
performed using a specific primer set to b4 integrin, which gener-
ates a 259-bp product (A). A band of the appropriate size for b4
ntegrin was generated for both mouse lens and mouse skin, which
erved as a positive control. Reverse transcriptase-negative (RT-C)
nd water (W-C) controls were included. To determine whether b4
as present as an a6 heterodimer in the lens, E10 chick embryo
lenses were microdissected, biotinylated, and immunoprecipitated
with a monoclonal antibody to a6 integrin. Immunoprecipitates
ere separated on a 4–12% Tris–glycine gel and immunoprecipi-
ated bands visualized with horseradish peroxidase-conjugated
treptavidin (B). Bands with the appropriate molecular size for b4
integrin (upper arrow) and b1 integrin (lower arrow) coprecipitated
with a6 in each of the differentiation zones of the E10 lens. EC—
central epithelium, EQ—equatorial epithelium, FP—cortical fiber,
and FC—nuclear fiber cells. In order to see the a6 and b1 bands in
he FC region of the lens, we have overexposed the blot, FC*.intermediate filaments had a characteristic cytoplasmic distribution
(C). A–C are the same magnification; bar, 20 mm.
s of reproduction in any form reserved.
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506 Walker and Menkoted for a6 integrin using an antibody against the extracel-
ular domain. a6B was most highly expressed in the undif-
erentiated central epithelial cells and remained high in the
quatorial epithelium, consistent with a role prior to lens
ber cell differentiation (Fig. 9A). As seen at the message
evel, a6B expression dropped precipitously in the cortical
ber cells. This loss of a6B may be necessary for the cells to
establish their differentiated phenotype. Overexposure of
this blot demonstrated that low levels of a6B were ex-
pressed in the cortical and central fiber populations (data
not shown). The a6A integrin isoform was expressed in all
egions of the E10 lens (Fig. 9B). Due to a drop in a6B
xpression, the ratio of a6A to a6B began to increase in the
equatorial epithelium, and the a6A isoform was expressed
almost exclusively in the cortical and central fiber regions
of the lens.
DISCUSSION
Following primary fiber cell differentiation, the contin-
ued development of the embryonic lens involves the migra-
tion of lens epithelial cells through the equatorial region
where they initiate secondary fiber cell differentiation.
Much of their differentiation, however, takes place in the
cortical fiber zone where the cells undergo dramatic mor-
phological changes as they migrate toward the center of the
lens. The terminal steps of differentiation result in the loss
FIG. 8. Switch in a6 integrin isoform predominance from a6B to a
rom embryonic day 4 lenses, from microdissected regions of embr
hree stages of differentiation, undifferentiated cells (2 day), culture
hich contained differentiated lentoid bodies (10 day). cDNA was s
oth isoforms of a6 integrin, generating a 482-bp product for a6A an
n the 4-day lens as well as in the two epithelial regions of the da
witch in isoform predominance to a6A both in vivo (FP and
C—central epithelium, EQ—equatorial epithelium, FP—cortical6A with lens cell differentiation in vivo and in vitro. RNA was extracted
yonic day 10 lenses (EC, EQ, FP, FC), and from lens cells in culture at
s which had begun to initiate their differentiation (5 day), and cultures
ynthesized and PCR was performed using a primer set which recognizes
d 377-bp product for a6B. a6B was the predominant a6 integrin isoform
y 10 lens (EC and EQ). Fiber cell differentiation was accompanied by aof nuclei and organelles to provide us with a clear crystal-
line lens through which light can be focused on the retina.
e
t
Copyright © 1999 by Academic Press. All rightFIG. 9. Ratio of a6A to a6B integrin increases with onset of lens
ell differentiation. E10 chicken embryonic lenses, were micro-
issected into four regions of differentiation, EC— central epi-
helium, EQ— equatorial epithelium, FP— cortical fiber, and
C—nuclear fiber cells. Each fraction was extracted in RIPA
uffer and immunoprecipitated with a6A and a6B isoform-
specific antibodies. Immunoprecipitates were subjected to elec-
trophoresis on a 4 –12% Tris– glycine gel and Western blotted
with a6(Ex) antibody, which recognizes the extracellular domain
f both a6 integrin isoforms. a6B was highly expressed in the
lens epithelial cell populations (EC and EQ) and then dropped
precipitously in the FP zone of differentiation, remaining so in
the differentiated FC of the lens (A). Overexposure of this blot
demonstrated that a6B was expressed into the differentiating
ber zone, but only at very low levels. a6A was expressed
throughout lens differentiation (B), but dropped to low levels in
the nuclear fiber region. Changes in the ratio of a6A to a6B
xpression can be correlated with establishment of the differen-
iated lens cell phenotype.
s of reproduction in any form reserved.
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507Regulation of a6 IntegrinIntegrin receptors are likely to regulate many of these steps
of lens cell differentiation. We have previously demon-
strated that multiple integrins, including the laminin recep-
tors a3b1 and a6b1, are expressed in the lens (Menko and
hilip, 1995). These studies, in which lens epithelial and
ber fractions were immunoprecipitated for b1 and blotted
for a integrin subunits, demonstrated that the highest
expression of a3b1 occurred in the epithelial regions of the
ens. In contrast, the a6A isoform, as a heterodimer with
b1, was most highly expressed in the fiber cell region of the
developing lens (Menko and Philip, 1995). Since optimal
lens cell differentiation in vitro occurs on a laminin-1
substratum (A. S. Menko, unpublished observation), a6
ntegrin was a likely candidate for involvement in the
rocess of lens cell differentiation. This integrin has been
mplicated in the differentiation of a number of tissue and
ell types, through both spatiotemporal expression patterns
nd function perturbing studies. a6 integrin has been
shown to play a role in muscle differentiation (Sastry et al.,
1996), differentiation of neurons in the neural retina (Frade
et al., 1996), and differentiation of epithelial cells in the
submandibular gland (Kadoya et al., 1995). a6 integrin,
whose distribution during development is well studied
(Bronner-Fraser et al., 1992), has also been implicated in
differentiation of ovarian cells (Frojdman and Pelliniemi,
1995), granulosa cells (Honda et al., 1995), parietal
endoderm (Jiang and Grabel, 1995), and embryonic stem
cells (Cooper et al., 1991).
Our data strongly support a role for a6 integrin in cell
ifferentiation and suggest that there are two different
echanisms for the regulation of its function in differen-
iation, changes in a6 isoform expression and changes in
linkage of a6 integrin to the cytoskeleton.
Integrins link the extracellular matrix to the cytoskel-
eton (Tamkun et al., 1986; Buck and Horwitz, 1987a;
Burridge et al., 1990). For a6 integrin, activation has been
correlated with its association with the cytoskeleton (Shaw
et al., 1990; Mercurio and Shaw, 1993). When we examined
whether a6 integrin cytoskeletal linkage was correlated
with the differentiated state of cells in the developing lens,
we found that the greatest association of a6 with the
Triton-insoluble cytoskeleton occurred in the two differen-
tiation zones of the E10 chick embryo lens. These zones
were the equatorial epithelium where fiber cell differentia-
tion is initiated and the cortical fiber cells where lens cells
acquire their differentiated phenotype. When the expres-
sion of the a6A integrin isoform was examined, its cy-
toskeletal association was found to be particularly promi-
nent in the cortical fiber region of lens. Similar results were
obtained in lens cultures in which a6 integrin shifted from
the Triton-soluble to the Triton-insoluble, cytoskeletal-
associated fraction when differentiated lentoid structures
were formed. Therefore, both in vivo and in vitro, a6
integrin association with the cytoskeleton correlates with
times of lens cell differentiation. Since the association of
integrins with the cytoskeleton has been shown to correlate
with the activation of these receptors (Cunningham et al.,
m
r
Copyright © 1999 by Academic Press. All right1996; Kouns et al., 1991; Lakkakorpi et al., 1997), it is likely
hat this is a prerequisite for the function of a6 in lens
differentiation.
There are three possible roles for the cytoskeletal-
associated population of a6 integrin in lens cell differenti-
ation. First, a6 cytoskeletal linkage may simply reflect the
engagement of this molecule by laminin in the lens capsule,
activating the receptor and enabling it to participate in
intracellular signaling events necessary for lens cell differ-
entiation. The second is the potential for a6 integrin to
participate in lens cell migration. The equatorial and corti-
cal fiber zones, the most prominent regions of a6 cytoskel-
tal association, are the most migratory regions of the E10
hick embryo lens. In these zones cell migration occurs not
nly along the matrix proteins of the lens capsule but also
long the epithelial–fiber interface. Therefore, the process
f lens cell migration, which accompanies differentiation,
ust involve both cell–matrix and cell–cell interactions as
he cells elongate and move toward the central suture of the
ens. a6 integrin is known to signal migration in macro-
phage cells (Shaw et al., 1995), embryonic stem cells
Domanico et al., 1997), Langerhans cells (Price et al., 1997),
nd carcinoma cells (Rabinovitz and Mercurio, 1997). The
igratory function of the differentiating lens fiber cells
ould involve both a6b1 and a6b4, both of which we have
hown to be expressed in the lens.
The third potential role for the cytoskeletal-linked a6
population may be related to the function of this molecule
at cell–cell borders of differentiating lens fiber cells. In the
cortical fiber region of the lens where 71% of a6 integrin is
associated with the Triton-insoluble fraction, a6 integrin
localizes both in the region of these cells which contact the
capsule and along the lateral borders of these differentiating
fiber cells. Neither laminin nor any other matrix elements
have ever been detected at the lateral borders of the lens
cells, suggesting that the a6 integrin which localizes to
cell–cell borders is involved in a novel, atypical integrin
function. a6 integrin has been reported previously at cell–
ell borders of other cell types, including seminiferous
pithelium (Salanova et al., 1995) and F9 carcinoma cells
Jiang and Grabel, 1995). We have found similar localization
f a6 integrin to cell–cell borders of differentiating lens
cells in culture. There is only one report of a possible a6
ntegrin counterreceptor, fertilin, a disintegrin that is in-
olved in sperm–egg binding (Almeida et al., 1995). It
emains unclear what the function of a6 is at cell–cell
interfaces. Most relevant to our findings are reports in the
literature which support a laminin-independent function
for a6 integrin. Cattelino et al. (1995) have shown that a6A
ntegrin localizes to focal adhesion complexes without
eceptor occupancy by laminin. Domanico et al. (1997)
rovide compelling evidence that a6 integrin can signal
without engagement to the extracellular matrix. In this
study, they demonstrated not only that a6 integrin could
ignal migration of embryonic stem cells without engage-
ent of an extracellular ligand but also that this signal
esults in the activation of another integrin receptor to
s of reproduction in any form reserved.
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508 Walker and Menkocarry out the function of migration. Interestingly, they
found that migration could be blocked by a function-
blocking antibody either to a6 integrin or to a tetraspan
rotein known to bind to a6 integrin. These intriguing data
have led us to speculate that in the differentiation zones of
the lens a6 integrin may signal through a similar mecha-
nism in the absence of ligation to extracellular matrix or a
counterreceptor. In this case a6 integrin would be signaling
hrough an “inside-in” signaling mechanism as the cells
ifferentiate. Inside-in signaling refers to a condition in
hich both the activation and the resultant signaling activ-
ty of an integrin occur in the absence of engagement of that
ntegrin by an extracellular ligand. In support of this theory,
e have shown by RT-PCR analysis that mRNA for the
etraspan protein, CD81, is expressed in the chick embryo
ens (data not shown).
Once the lens fiber cells have differentiated, the final
teps of maturation involve the loss of nuclei in an apop-
otic like manner. In the E10 chick lens, this occurs in the
uclear fiber zone, where as the cells undergo terminal
ifferentiation, a6 integrin is dramatically down-regulated.
This may be of specific significance since a6 integrin has
been suggested to be a cell survival factor (Muschler et al.,
1996). Therefore, the loss of a6 in this cell population and
their concomitant dissociation from the matrix capsule
could trigger the loss of their organelles and nuclei, an event
pivotal to the lens becoming a clear crystalline structure.
Another mechanism used for regulating a6 integrin dur-
ing lens cell differentiation is a6 integrin isoform switch-
ing. Among the b1 integrin heterodimers, isoforms have
been reported only for the a6, a3, and a7, all laminin
eceptors (Fornaro et al., 1997). This is likely to reflect
either that a large number of laminin isoforms are expressed
and may require different receptors or that there is a
requirement for a mechanism with which to generate
regulated response to laminin, a primary component of the
basal lamina. Alternative splicing of the extracellular do-
main of a6 has been reported (Delwel et al., 1995), but no
functional role has been assigned to these isoforms. The
alternative splicing of the cytoplasmic domain region of
both a and b integrin subunits is well documented (Fornaro
et al., 1997). Since few molecules have been shown to bind
to the a subunit cytoplasmic domain, the mechanism
whereby a integrin alternative splicing leads to altered
integrin signaling remains unclear. Candidate molecules
which interact with the a integrin cytoplasmic domain
nclude calreticulin and some members of the tetraspan
amily (Rojiani et al., 1991, 1996; Hemler et al., 1996).
Therefore, alternative splicing of an a integrin cytoplasmic
domain would be expected to affect which proteins inte-
grins interact with, both in the membrane and in the focal
adhesion complex. Alternative splicing of a6 leads to two
cytoplasmic variants, a6A and a6B, which are believed to
have separate signaling functions (Shaw et al., 1993; 1995;
Domanico et al., 1997; Wei et al., 1998) as well as
differentiation-specific expression patterns (Cooper et al.,
1991; Grabel and Jiang, 1995). Domanico et al. demon-
s
t
Copyright © 1999 by Academic Press. All rightstrated that the a6A integrin isoform was required for
atrix-independent migration in embryonic stem cells. We
ave found a similar correlation between the expression of
a6A and the acquisition of a migratory phenotype in the
developing lens.
As lens cells undergo differentiation we found that a
dynamic switch occurs in predominance of a6 integrin
soform message. In the less differentiated epithelial regions
f the lens the a6B message predominates. The profile
switches with fiber cell differentiation when a6A message
redominates. a6B to a6A isoform switching was also
observed when lens cells differentiated in vitro. These data
are consistent with results reported in the literature which
have shown that the relative expression of a6A and a6B
ntegrin was related to the differentiated state of a cell (Jiang
nd Grabel, 1995; Cooper et al., 1991). Predominance of a6B
was a characteristic of undifferentiated cells, whereas prev-
alence of the a6A isoform was associated with cell differ-
entiation. Immunoprecipitation studies using a6 integrin
isoform-specific antibodies confirmed the correlation be-
tween a6A prevalence and lens cell differentiation. a6B
protein expression dropped with the lens cell differentia-
tion, most precipitously in the region of the differentiating
cortical fiber cells. Similar to the RT-PCR studies, there
was a correlation between lens cell differentiation and pre-
dominance of a6A over a6B integrin. In studies in vitro
with parietal endoderm (Jiang and Grabel, 1995) and embry-
onic stem cells (Cooper et al., 1991) the ratio of a6 integrin
soforms was shown to be an important indicator of
hether a cell would remain undifferentiated or initiate its
ifferentiation program. Our studies demonstrated that in
act, this a6 isoform tug-of-war occurs in vivo and that the
redominance of the a6A isoform is correlated with the
expression of the differentiated phenotype.
a6 integrin isoform switching, expression, and cytoskel-
etal linkage are temporally correlated with lens cell differ-
entiation, suggesting an important role for this integrin in
the establishment of the lens fiber phenotype. We are now
investigating this role in differentiation by blocking a6
ntegrin function in the developing chick embryo lens.
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